In Niger, the epidemiological situation regarding foot-and-mouth disease is unclear as many outbreaks are unreported. This study aimed (i) to identify Foot-and-mouth disease virus (FMDV) strains currently circulating in cattle herds, and (ii) to identify 
| INTRODUCTION
Foot-and-mouth disease (FMD) is a highly contagious transboundary disease of cloven-hoofed domestic and wild animals caused by Footand-mouth disease virus (FMDV) belonging to the Aphthovirus genus within the Picornaviridae family. FMDV is a small, non-enveloped, icosahedral virus that has a positive-sense, single-stranded RNA genome of approximately 8.5 kb that encodes a single polyprotein which is cleaved into four structural proteins (SP) and 10 non-structural proteins (NSPs) by virus-encoded proteases (Belsham, 1993) .
FMDV exists in seven immunologically distinct serotypes, O, A, C, Asia 1, SAT (Southern African Territories) 1, SAT 2 and SAT 3, each with a wide range of antigenically distinct subtypes. (Gleeson, 2002; Kasambula et al., 2012; Knowles & Samuel, 2003) .
Foot-and-mouth disease is endemic in Niger where clinical disease has been reported mainly in cattle (Couacy-Hymann et al., 2006; Sangare, Bastos, Venter, & Vosloo, 2004; Sangare et al., 2001) . FMD was first reported in Niger in 1945, when samples corresponding to serotype C were typed by the Laboratoire Central de Recherches V et erinaires of Maisons-Alfort in France (Pagot, 1948) .
According to a retrospective study that reviewed FMD outbreaks occurring between 1971 and 2001 (Couacy-Hymann et al., 2006 , four FMDV serotypes (namely O, A, SAT 1 and SAT 2) were suspected to be present in West African countries including Niger.
Other published studies support the circulation of these four FMD serotypes in the region (Fasina et al., 2013; Gorna et al., 2014; Olabode, Kazeem, & Raji, 2014; Sangare, Bastos, Venter, & Vosloo, 2003; Sangare, Dungu, & Bastos, 2004; Sangare et al., 2001 Ularamu et al., 2016) , although a comprehensive understanding of FMD epidemiology that can be used to inform disease control programmes is currently lacking. Unfortunately, livestock in Niger have never been vaccinated against FMD. Moreover, as the livestock production system is mostly characterized by transhumance, nomadism and trade with neighbouring countries, there are no restrictions on animal movements in the country or elsewhere in West African.
Therefore, the objectives of this study were to identify FMDV strains responsible for outbreaks in the south-western part of Niger that occurred in cattle in 2014, as well as to describe risks factors associated with FMDV seropositivity in animals from these herds.
| MATERIALS AND METHODS

| Study area
In this article, sampling locations were defined at the district-level (Niger is administratively divided into eight regions, 63 departments and 265 districts). The study was conducted in eight districts in the south-western part of the country that included three regions namely Niamey (the capital), Tillabery and Dosso.
It is in the region of Tillabery that the largest numbers of samples were obtained in four districts: Kollo located 35 km from Niamey, Makalondi, Tamou and Alambar e bordering with Burkina Faso.
In addition, Tamou and Alambar e are located near the W Regional Park, which is a major national park in West Africa (Niger, Burkina Faso and Benin) around a meander in the River Niger shaped like a "W." In the Dosso region, three districts were involved in the study, including Dole, Tanda and Gaya, which share a common border with Nigeria and Benin. In Niamey, one district (called the fourth Arrondissement) was involved. Except for Niamey's district, these localities are located either on the transhumance route towards Benin and Nigeria (districts of Tanda, Dole and Gaya), or towards Burkina Faso and Benin (districts Tamou, Alambar e and Makalondi).
This zone covers an area of more than 29,000 km² with a cattle population of about 500,000 animals (representing 5% of the cattle population at national level) based on the latest livestock census in 2007. Agriculture and livestock are the main activities of the resident population. The study area is depicted in Figure 1 .
| Sampling design and disease investigation
In this study, an outbreak was defined as a district from which one or more clinical cases of FMD were reported by the district animal health service and/or by the farmers themselves. During September to October 2014, all reported outbreak sites were visited as soon as possible after notification; epithelium and serum samples were collected from cattle in the described study area.
As far as we are aware, no FMDV vaccination or other control measures were implemented at the study sites as in other parts of the country. The animals were first examined for evidence of salivation and lameness. Salivating and/or lame animals were restrained in a crush pen for thorough examination and sampling. The oral cavity of salivating animals was examined for evidence of intact and/or ruptured vesicles, erosions and ulcers on the tongue, dental pad and mucosa. The hooves of lame animals were thoroughly washed with water and carefully examined for lesions, particularly on the coronary bands and inter-digital spaces of the hooves. The epithelium samples were taken from sick animals showing suspected clinical signs and lesions of FMD, while the sera were taken from all examined animals during the herd visit, including those on which epithelium samples were collected (Table 1) .
| Sample and data collection
Twenty-five epithelium tissues were collected from oral and foot lesions from suspected FMD-infected cattle in seven separate districts: Makalondi (n = 7), Gaya (n = 2), Dol e (n = 1), Tanda (n = 1), Kollo (n = 7), Alambar e (n = 5) and Tamou (n = 2). After collection, the tissues were immediately placed in a virus transport media composed of equal amount of sterile glycerol (50% v/v) and 0.04 M phosphate-buffered saline (PBS) at a pH between 7.2 and 7.6.
At the same time, 227 blood samples were collected from apparently healthy and from clinically affected cattle. Sera were collected in eight districts (seven mentioned above and in one of the districts of Niamey): Makalondi (n = 38), Gaya (n = 5), Dol e (n = 19), Tanda (n = 17), Kollo (n = 48), Alambar e (n = 14), Tamou (n = 10) and Niamey (n = 51). In the last district, Niamey, the FMD outbreak was SOULEY KOUATO ET AL.
| 147 notified at least three weeks after the occurrence of the active outbreak, and at the time of the visit, there were neither clinical signs nor lesions in affected cattle. The samples (serum and epithelium) were transported to the National Veterinary Laboratory of Niamey (LABOCEL) on dry ice. At LABOCEL, samples were stored at À20°C (serum) and at À80°C (epithelium) until their shipment to the Botswana Vaccine Institute (BVI) laboratory for analyses. All specimens were packaged as described by Kitching, Knowles, Samuel, and Donaldson (1989) and shipped in a transport media to the BVI laboratory in Gaborone, Republic of Botswana. Among the epithelium tissues, positive samples diagnosed at BVI were submitted for confirmation to the World Reference Laboratory for FMD (WRLFMD) at The Pirbright Institute, UK.
Data were collected using a questionnaire (see Appendix S1), which was used to interview farmers responsible for 28 herds (with a total of 227 sampled animals) selected on the basis of FMD out- sera collected from all examined animals during the herd visit, including those on which epithelium samples were collected. i + j = total number of sampled animals during the herd visit that correspond to the total number of sera. Hamblin, Barnett, and Crowther (1986) . Briefly, ELISA plates NUNC Maxisorp (Gibco, Cat#4-39454A) were coated with FMDV serotypespecific rabbit hyperimmune sera (serotypes O, A, SAT1 and SAT2 suspected to be present in Niger), and left overnight in a humid chamber at room temperature. In carrier plates, 2-fold series of each test serum were prepared, from 1/16 to 1/128. Control sera (strong and weak positive, and negative) were diluted at 1/16. To each well of the carrier plate, 50 ll the different FMDV serotype viral antigen was added at a pre-determined working dilution, resulted in a ratio of sera with FMD antigen starting from 1/32 to 1/256. The following day, the rabbit anti-serum-coated ELISA plates were washed three times with phosphate-buffered saline containing 0.05% Tween-20 (PBST) (pH 7.4), and serum/antigen mixtures were transferred from the carrier plates to the rabbit-serum-coated ELISA plates and incubated at 37°C for 1 hr on a rotary shaker. The plates were then washed three times as previously, and FMDV serotypespecific guinea pig anti-serum was added to each well at a predetermined working concentration and incubated at 37°C for 1 hr on a rotary shaker. After incubation and washing step as previously, rabbit anti-guinea pig immunoglobulin conjugated to horseradish peroxidase was added to each well at a pre-determined working cell culture medium was then added (15 ml); the cultures were incubated at 37°C and monitored for cytopathic effect (CPE) for 48 hr. If no CPE was observed after 48 hr, the sample was considered as "no virus detected" and the culture was frozen at À70°C, then thawed and centrifuged at 2,000 g for 10 min at 4°C to collect supernatant for second passage (P2); this was repeated for third passage (P3); and if no CPE was observed at 48 hr, then the sample was considered negative for FMDV. The first passage (P1) and the second passage (P2) were subject to one freeze-thaw cycle. If CPE was observed, the culture medium was pooled and cleared by centrifugation at 2,000 g for 10 min at 4°C. A sample of supernatant was tested by reverse transcription-polymerase chain reaction (RT-PCR) following RNA extraction. However, it should be noted that the samples were examined for virus isolation nine months after they had been collected in the field.
| Conventional RT-PCR assay for VP1 analysis
RNA was extracted from the ground tissue suspension samples using Amplification products were separated on a 1.5% agarose gel and visualized by Gel Red staining and UV irradiation. One-step RT-PCR at the WRLFMD was performed as previously described (Knowles et al., 2016) .
| Sequencing and phylogenetic analysis
The RT-PCR amplicons were sequenced on both strands as previously described (Knowles et al., 2016) . The sequences were assembled and verified using SeqMan software (DNAStar, Lasergene v.8).
VP1 nucleotide sequences were aligned using BioEdit version 7.2.5 (Hall, 1999) and Clustal W (Thompson, Higgins, & Gibson, 1994) .
The comparison and mid-point-rooted Neighbor-joining trees of FMDV VP1 sequences from Niger with those from Africa available in the NCBI GenBank database (https://www.ncbi.nlm.nih.gov/ genbank/) were performed using MEGA 6.06 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) . The robustness of tree topology was assessed with 1,000 bootstrap replicates using the model in were submitted to the NCBI GenBank database under the accession numbers (KX424677-KX424682).
| Vaccine strain selection
Vaccine strain selection for serotype O isolates was performed at WRLFMD by two-dimensional virus neutralization test (2D-VNT).
The vaccines used in this study were provided by international vaccine manufacturers (Merial Animal Health and Merck Animal Health).
The 2D-VNT test was carried out using the pooled post-vaccination monovalent bovine vaccine sera (BVS) collected after 21 days postvaccination of na€ ıve animals. Briefly, the BVS was tested against both the homologous (vaccine strains) and the heterologous (field strain). Antibody titres of the reference serum against the homologous (reference) and heterologous (field) viruses for five virus doses were calculated, and a linear regression line was drawn (Minitab program) to allow the log 10 reciprocal antibody dilution required for 50% neutralization of 100 tissue culture infective units (TCID 50 ) of virus to be calculated. The antigenic relationship between the field strain and the reference strain was then expressed as an "r 1 " value based on the following equation: Reciprocal log 10 of (heterologous titre -homologous titre) (Rweyemamu, Pay, & Parker, 1976 ). An r value of 
| Statistical analysis
In a first step, a multilevel mixed-effects model was used to take into account the possible herd and/or district levels as random effects. Because random effects were not observed, logistic regres- Accordingly, it was among these 38 animals that sufficient epithelium samples were taken from 25 sick cattle.
| Serological analysis
Using the NSP ELISA test, 70% (158/227) of sera were positive for the presence of antibodies against FMDV. There was random distribution of positive animals among age classes (v 2 (3 df) = 6.12; p = .11). The seroprevalence of animals of the age group between 3 and 4 years (83%) was not significantly higher than the prevalence of animals of other age categories (70%, 62% and 65% for ≤2 years, >2 and ≤3 years and >4 years respectively) Table 2 . (n = 136) were positive for 2 or more serotypes, and only 2.5%
(n = 4) generated negative results with the LPBE (Figure 3 and Appendix S2).
| Factors associated with FMDV seropositivity based on a logistic regression analysis
The results of univariate regression analysis for odds of being NSP ELISA positive as a function of investigated potential exposure risk factors showed that only the herd composition (presence of both cattle and small ruminants) was highly significantly associated with FMDV seropositivity (p = .002; Table 3 ). The remaining variables
were not significantly associated with FMDV seropositivity at the 5% level, but those with a p-value ≤.2 were considered as potential risk factors and therefore entered in the multivariable analysis model (herd composition, district of origin and age of animals).
Multivariate analysis including all variables (with a p-value less than .20 after univariate analysis) exploited a final model that included district and herd composition as variables. Herd composition was significantly associated with FMDV positivity (p = .006).
The Hosmer-Lemeshow test showed that this final model fitted the data well (v 2 = 1.81; df = 6, p-value = .94). The interaction between the two retained variables was not tested because of the lack of biological relevance (Table 4) .
| Isolation and identification of FMDV
Thirteen of the 25 epithelial samples produced CPE during one, two or three passages on primary lamb kidney cell cultures at BVI. These samples were from the districts of Tamou (3), Gaya (2), Makalondi (2) and Kollo (6). By antigen ELISA (performed at the WRLFMD), FMDV serotype O was identified in cell culture harvests from seven epithelia collected in Gaya (n = 1), Makalondi (n = 2) and Kollo (n = 4) districts.
Based on the sequence comparison using BLAST, the serotype identification of these samples was in concordance with the Ag-ELISA results. The other six samples (from the 13 CPE-positive samples) were detected negative by both antigen ELISA and PCR tests. Sequences were obtained for six of the seven isolates of FMDV serotype O, and these are included in the phylogenetic analysis and listed in Table 5 . tification of the adopted sampling method that can be designated as a "convenience sampling" consisting therefore to sample suspected sick animals (for epithelial tissues) and both the suspected sick animals and apparently healthy animals (for sera) in the all reported infected herd (as soon as possible after the rare notification of outbreaks). However, despite the limited nature of sampling, this study could certainly have the value to update data on FMD in a country where the epidemiological status of the disease is poorly understood.
The serological results indicate that FMDV is endemic within the livestock population in the study area, suggesting that multiple FMDV serotypes (such as A, O, SAT 1 and SAT 2) may be involved as has been shown elsewhere in the West African region (Brito et al., 2017; Di Nardo, Knowles, & Paton, 2011; Ehizibolo et al., 2014; Fasina et al., 2013; Gorna et al., 2014) . Using the budget available for this study, serological testing (by LPBE) was designed to detect four different FMDV serotypes (A, O, SAT 1 and SAT 2)
suspected to be present in Niger. Further studies may be warranted to also include serotypes C and SAT 3, although serotype C has not been detected in any country since 2004. SAT 3-specific antibodies have been recorded in sera from west and central Africa (Ehizibolo et al., 2014; Ludi et al., 2016) and from eastern Africa (Ayebazibwe et al., 2010; Dhikusooka et al., 2015; Mwiine et al., 2010; Namatovu et al., 2015) , although this serotype has not previously been detected in Niger. Although the sampling strategy is different to that implemented by Ludi et al. (2016) , our results appear to be similar regarding the presence of different serotypes in unvaccinated animals. Serological tests also reveal that antibodies to four FMDV serotypes were present among the animals sampled although only one FMDV serotype (O) was detected by viral isolation and sequencing.
The presence of animals with single serological reactivity to serotypes A and SAT 1 (Figure 3 ) may indicate either past exposure to these FMDV or may arise as a result of cross-reactivity among serotypes in the LPBE (Hedger, Barnett, & Gradwell, 1982; Jackson et al., 2007) . Future serological studies are warranted to these results.
Since 2005, only O and SAT 2 serotypes have been isolated in Niger, serotype A having been isolated for the last time in 1973 and SAT1 in 1976 (WRLFMD, 2016b . In this study, the highest serological prevalence was that of serotype O (89%), followed by serotypes (Anderson et al., 1993; Ayebazibwe et al., 2010; Di Nardo et al., 2015; Fevre, Bronsvoort, Hamilton, & Cleaveland, 2006; . Furthermore, there are important rural livestock markets in the study area (for example Alambar e), where contact between animals increases by the absence of any quarantine measure and where subsequently the transmission of FMD virus and other animal diseases is enhanced (Dean et al., 2013; Garland & de Clercq, 2011) . It is obvious that the effect of the potential risk factors would be more clearly reflected with a comprehensive random sampling in domestic animals as well as in wildlife.
Out of the total analysed epithelium samples (n = 25), only six relationship supports the role of cross-border animal movements are a major route by which FMD spreads in the region (Brito et al., 2017; Bronsvoort et al., 2004; Couacy-Hymann et al., 2006; Di Nardo et al., 2011; Ehizibolo et al., 2014; Fasina et al., 2013; Gorna et al., 2014; Knowles & Samuel, 2003; WRLFMD, 2016a) . In addition to the uncontrolled movement of animals along the border, to our knowledge, countries such as Benin and Togo do not practice mass vaccination against FMD.
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